Abstract His349 in human transferrin (hTF) is a residue critical to transferrin receptor (TFR)-stimulated iron release from the C-lobe. To evaluate the importance of His349 on the TFR interaction, it was replaced by alanine, aspartate, lysine, leucine, tryptophan, and tyrosine in a monoferric C-lobe hTF construct (Fe C hTF). Using a stopped-flow spectrofluorimeter, we determined rate processes assigned to iron release and conformational events (in the presence and in the absence of the TFR). Significantly, all mutant/TFR complexes feature dampened iron release rates. The critical contribution of His349 is most convincingly revealed by analysis of the kinetics as a function of pH (5.6-6.2). The Fe C hTF/TFR complex titrates with a pK a of approximately 5.9. By contrast, the H349A mutant/TFR complex releases iron at higher pH with a profile that is almost the inverse of that of the control complex. At the putative endosomal pH of 5.6 (in the presence of salt and chelator), iron is released from the H349W mutant/TFR and H349Y mutant/TFR complexes with a single rate constant similar to the iron release rate constant for the control; this suggests that these substitutions bypass the required pH-induced conformational change allowing the C-lobe to directly interact with the TFR to release iron. The H349K mutant proves that although the positive charge is crucial to complete iron release, the geometry at this position is also critical. The H349D mutant shows that a negative charge precludes complete iron release at pH 5.6 both in the presence and in the absence of the TFR. Thus, histidine uniquely drives the pH-induced conformational change in the C-lobe required for TFR interaction, which in turn promotes iron release.
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Introduction
The primary pathway for the sequestration and delivery of iron from the diet to mammalian cells involves serum transferrin (TF). Human TF (hTF), an 80-kDa bilobal glycoprotein, binds one ferric iron (Fe 3? ) in each of two homologous lobes (referred to as N-and C-lobes with approximately 40% sequence identity) deep within a cleft formed by two subdomains (NI/NII and CI/CII). One molecule of diferric hTF (Fe 2 hTF) binds to each monomer of the homodimeric transferrin receptor (TFR), a transmembrane glycoprotein residing at the cell surface of all iron-requiring cells. The hTF/TFR complex is endocytosed in a clathrin-dependent manner. Upon acidification within an endosome (pH of approximately 5.6) through the action of proton pumps, iron is released from Fe 2 hTF in a TFRmediated process [1] . Following the release of iron, apo hTF remains tightly bound to the TFR within the endosome. The apo hTF/TFR complex is exocytosed; the vesicle fuses with the plasma membrane, and apo hTF is released to the extracellular milieu (pH of approximately 7.4) to sequester more iron and continue the cycle [1] [2] [3] .
As convincingly demonstrated, the TFR plays a crucial role in balancing iron release from the two lobes of Fe 2 hTF [4] [5] [6] . At pH 7.4 in the absence of a chelator, iron dissociates very slowly from hTF [7] . Although iron release is accelerated in vitro at pH 5.6 (half-life of approximately 3 h), the rate is still extremely slow in comparison with the 2-5-min time frame for iron release from hTF/TFR complexes during one cycle through the cell [1, 2] . We have recently reported that, when bound to the TFR, under our ''standard'' conditions [100 mM 2-morpholinoethanesulfonic acid (MES), pH 5.6, 300 mM KCl and 4 mM EDTA], iron release from the N-lobe of Fe 2 hTF is decreased 6-15-fold, whereas iron release from the C-lobe is increased 7-11-fold (in comparison with the rate constants for iron release from each lobe in the absence of the TFR), allowing iron release on a physiologically relevant time scale [6] . Given the significant influence of the TFR on iron release, it is important to identify the specific amino acids that allow hTF to bind to the TFR at both acidic and neutral pH, accommodating the large conformational changes that take place during iron release.
Each monomer of the extracellular ectodomain of the TFR is composed of three subdomains: an apical domain, a protease-like domain, and a helical domain (responsible for dimerization) [8] . Mutagenesis of amino acids in the glycosylated, N-terminal hexa-His-tagged soluble recombinant TFR (residues 121-760) (sTFR) which binds to hTF allowed identification of two residues in the helical domain (Trp641 and Phe760), which are important to binding of apo hTF to the sTFR at pH 6.3. Significantly, neither mutant, W641A or F760A, interfered with binding of Fe 2 hTF to the sTFR at pH 7.4 [9] . Analysis by electron paramagnetic resonance of the environment of the iron within the cleft of the C-lobe of recombinant N-terminal hexa-His-tagged nonglycosylated monoferric hTF that binds iron only in the C-lobe (Fe C hTF; Y95F/Y188F mutations prevent iron binding in the N-lobe) bound to the sTFR clearly showed pH induced changes in the iron binding site [5] . Since these pH-induced changes were not observed when Fe C hTF was bound to the W641A/F760A double mutant of the sTFR, it was suggested that Trp641 and Phe760 form a hydrophobic patch that makes specific contacts with the C-lobe stabilizing the open, apo conformation at low pH [5] .
A 7.5-Å resolution cryo-electron microscopy model of the TF/sTFR complex indicated that the N-lobe resides between the plasma membrane and the TFR, near residues in the protease-like domain of the TFR. In the model, the C-lobe is more exposed, and makes multiple contacts with the helical domain of the TFR (Protein Data Bank 1SUV) [10] . In the case of hTF, two histidine residues (His349 and His350) that lie at the beginning of an a-helix in the CI subdomain are close to the Trp641/Phe760 region of the sTFR [10] . Owing to the physiologically relevant pK a of the histidine side chain (approximately 6.0), it is likely that the protonation state of one or both of these histidine residues would change during a cycle of endocytosis and exocytosis. Given that the decrease in endosomal pH is a key step in TFR-mediated iron release from hTF, it was hypothesized that His349 and His350 in the C-lobe of hTF could act as a pH sensor participating in the mechanism of iron release within the acidic environment of the endosome [5] . This suggestion was confirmed by surface plasmon resonance measurements which established that mutation of His349 to alanine reduced the binding affinity of apo hTF for the sTFR at pH 5.6, without affecting the binding affinity of Fe C hTF at pH 7.4 [5] . In support of the critical role of His349 in iron release, mutation of His349 to alanine also eliminated the ability of the TFR to facilitate iron release from the C-lobe of hTF at pH 5.6 [5] . In contrast, the H350A mutant had a much smaller effect on TFR-stimulated iron release [5] . These experiments provided strong evidence that His349 is critical to the interaction with the TFR, stimulation of iron release from hTF, and stabilization of the apo hTF conformation. Significantly, His349 is conserved among all mammalian TFs for which the sequence has been determined.
The work described above measured the increase in the fluorescent signal resulting from iron release using a timebased steady-state spectrofluorimeter [5] . Although steadystate experiments have been used by us and others, many limitations exist. Use of a stopped-flow spectrofluorimeter to measure iron release kinetics provides a number of advantages, including sensitivity (requiring less sample), an excellent signal-to-noise ratio, and most crucially, rapid mixing, allowing the capture of all kinetic events [6] . In the current work, six single-point mutations of His349 were made to more thoroughly explore the role of this particular residue in TFR-stimulated iron release from the C-lobe. His349 was replaced by alanine, aspartic acid, lysine, leucine, tryptophan, and tyrosine to specifically evaluate the effects on the TFR interaction. Each mutant was placed into a nonglycosylated full-length His-tagged monoferric C-lobe (Fe C hTF) construct (in which two iron liganding residues, Tyr95 and Tyr188, are mutated to phenylalanine to eliminate iron binding in the N-lobe). A combination of stopped-flow fluorescence, urea gel analysis, and steady-state tryptophan fluorescence reveals important differences in the effect of substituting these residues at position 349.
Materials and methods

Materials
Dulbecco's modified Eagle's medium-Ham F-12 nutrient mixture, antibiotic-antimycotic solution (1009), and trypsin were from the Gibco-BRL Life Technologies Division of Invitrogen. Fetal bovine serum was obtained from Atlanta Biologicals. Ultroser G, a serum replacement, was from Pall BioSepra (Cergy, France). Methotrexate from Bedford Laboratories was purchased at a local hospital pharmacy. The QuikChange mutagenesis kit was from Stratagene. All tissue culture dishes, flasks, and Corning expanded surface roller bottles were from local distributors. Ultracel 30 kDa molecular mass cutoff membrane microconcentrator devices were made by Amicon. Nickel nitrilotriacetic acid (NTA) resin came from Qiagen. Hiprep 26/60 Sephacryl S-200HR and S-300HR columns were acquired from Amersham Pharmacia. EDTA was from Mann Research Laboratories. NTA and ferrous ammonium sulfate were from Sigma. Novex 6% tris(hydroxymethyl)aminomethane (Tris)-borate-EDTA (TBE) urea minigels, TBE running buffer (59), and TBE-urea sample buffer (29) were from Invitrogen.
Expression and purification of Fe C hTF and His349 Fe C hTF mutants All mutations were introduced into the pNUT vector containing the complementary DNA coding for Fe C hTF using the QuikChange site-directed mutagenesis kit as previously described [11] . Forward mutagenic primers used to introduce the six His349 mutant hTFs are shown below. The substitutions resulting in the mutations are underlined and in bold: (NTA) 2 was added to the tissue culture medium to iron-saturate and stabilize the recombinant hTF. The volume of the collected medium was reduced using a tangential flow device with a 30-kDa molecular mass cutoff and exchanged into 5 mM Tris buffer, pH 8.0, containing 0.02% sodium azide. The concentrated medium was then centrifuged (6,000g) to remove particulates and the supernatant was diluted with 59 start buffer, resulting in a 19 final concentration with respect to the start buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 20 mM imidazole, 10% glycerol, and 0.05% sodium azide). Each Fe C hTF and mutant construct was then captured by passage over a Qiagen Ni-NTA column (approximately 8 mL of resin) and displaced by the addition of 250 mM imidazole to the start buffer. The samples were concentrated and exchanged into 100 mM NH 4 HCO 3 . Final purification involved passage over a Sephacryl S-200HR gel filtration column in 100 mM NH 4 HCO 3 . Each Fe C hTF sample was concentrated to 15 mg/mL using a 30 kDa molecular mass cutoff Ultracel microconcentrator. The production and purification of the His-tagged soluble portion of the TFR (sTFR) consisting of residues 121-760 was as previously described [12] .
Fe C hTF/sTFR complexes were generated using our standard protocol [12] . Briefly, a small molar excess (approximately 20%) of hTF (Fe C hTF or His349 Fe C hTF mutant) was added to 1.25 mg of sTFR and allowed to equilibrate at room temperature for approximately 5 min. Complexes were then purified by passage over a Sephacryl S-300HR gel filtration column in 100 mM NH 4 HCO 3 to remove excess Fe C hTF. Fractions with the complex were concentrated to 15 mg/mL with respect to Fe C hTF.
Determination of molar absorption coefficients
Determination of millimolar absorption coefficients (e 280 ) for both the apo and the iron-containing H349W and H349Y Fe C hTF mutants followed our recently described protocol [13, 14] . The absorbance of a protein at 280 nm is comprised of contributions from tryptophan and tyrosine residues, as well as disulfide bonds [14, 15] . The availability of the amino acid composition provides the precise number of each of these residues, allowing a remarkably accurate estimate of e 280 [14] . However, this calculation does not provide an accurate estimate of e 280 for ironcontaining hTF because the interaction of iron with the two liganding tyrosine residues produces a ligand-to-metal charge transfer band centered at approximately 470 nm. This ligand-to-metal charge transfer causes disruption of the p to p* transition energy of the two tyrosine residues, and results in a nonlinear increase in A 280 [16, 17] .
Steady-state tryptophan fluorescence
Steady-state tryptophan fluorescence emission spectra were obtained as previously described [17] , using a Quantamaster-6 spectrofluorimeter (Photon Technology International, South Brunswick, NJ, USA) equipped with a 75-W xenon arc lamp excitation source, an excitation/emission monochromator, and a 320-nm cut-on emission filter. Samples were excited at 280 nm and emission scans were collected from 305 to 400 nm using slit widths set at 1 nm (excitation) and 6 nm (emission). The background of the buffer was subtracted from each spectrum. Samples, either the Fe C hTF control or the His349 mutants (500 nM), were added to a cuvette (1.8 mL final volume) containing 100 mM N-(2-hydroxyethyl)piperazine-N 0 -ethanesulfonic acid buffer, pH 7.4, at 25°C. Apo-protein was obtained by adding the same amount of protein to 100 mM MES buffer, pH 5.6, containing 300 mM KCl and 4 mM EDTA and allowing the mixture to equilibrate for 10-15 min. Three steady-state emission scans were collected and averaged. Unfortunately, it is not technically possible to evaluate the hTF/sTFR complexes using the steady-state format because the change being measured as a result of iron removal is overwhelmed by the contribution of the sTFR to the fluorescent signal [19] .
Urea gel analysis of His349 Fe C hTF mutants
The iron status of His349 Fe C hTF mutants was examined by urea gel electrophoresis using Novex 6% TBE-urea minigels in 90 mM Tris-borate, pH 8.4, containing 16 mM EDTA as previously described [6] . Iron-containing samples were mixed 1:1 with 29 TBE-urea gel sample buffer (final concentration of 0.5 lg/lL). To evaluate whether iron removal from the various His349 Fe C hTF mutants was complete, an aliquot of each was added to the iron-removal buffer (100 mM MES buffer, pH 5.6, containing 300 mM KCl and 4 mM EDTA) and the mixture was incubated for 15 min at room temperature. The process was halted by addition of 29 TBE-urea gel sample buffer. Samples (2.5 lg) were loaded and the gel was electrophoresed for 2.25 h at 125 V. Protein bands were visualized by Coomassie blue staining.
Kinetic analysis of Fe C hTF and the His349 Fe C hTF mutants at pH 5.6
Iron release from Fe C hTF and the His349 Fe C hTF mutants was monitored at 25°C as previously described using an Applied Photophysics SX.18MV stopped-flow spectrofluorimeter [12, 17] . One syringe contained the hTF sample or hTF/sTFR complex (375 nM) in 300 mM KCl and the other syringe contained MES buffer (200 mM, pH 5.6), KCl (300 mM), and EDTA (8 mM). Rate constants were determined by fitting the change in fluorescence intensity versus time using Origin (version 7.5) to standard models as described in detail previously [6] . All data were corrected to zero fluorescence intensity at time zero before fitting. Analysis of the H349K Fe C hTF mutant bound to the sTFR required the derivation of a new model that is similar to the previously described A ? B ? C model but in which k 1 = k 2 . The equation used to fit the H349K Fe C hTF/sTFR data as well as the complete derivation and program code for Origin are provided in the electronic supplementary material.
Analysis of kinetics as a function of pH
To determine the effect of pH on the observed rates, Fe C hTF or the H349A Fe C hTF mutant (in the presence and in the absence of the sTFR) in 300 mM KCl (375 nM) was rapidly mixed with 200 mM MES buffer at different pH values ranging from 5.6 to 6.2, containing 300 mM KCl and 8 mM EDTA. All fluorescence data were collected and analyzed as described earlier.
Results
Molar absorption coefficients
For a valid comparison of the His349 mutants, it is essential to obtain an accurate concentration of each. Because alanine, aspartic acid, lysine, and leucine do not contribute to the absorbance at 280 nm, e 280 for the iron form of these four mutants (H349A, H349D, H349K, and H349L) would be predicted to be identical to that for the Fe C hTF control. Owing to the surface location of His349, the contribution of iron to the total A 280 of iron-bound hTF and the introduction of an additional tryptophan (H349W) or tyrosine (H349Y) residue into hTF in two of the mutations tested, e 280 for these two mutants was determined. The experimentally derived e 280 values for the control, Fe C hTF, and e 280 for the H349W Fe C hTF and H349Y Fe C hTF mutants are reported in Table 1 . To be certain that iron removal was complete (see later), the H349W Fe C hTF and H349Y Fe C hTF mutants were exposed to more stringent conditions than used in the original protocol, namely, 100 mM acetate buffer, pH 4.0, containing 300 mM KCl and 4 mM EDTA. The experimentally determined values for the apoproteins are all within the standard error of the calculated values. Additionally, the increase of 12-13% in the absorbance at 280 nm due to the presence of iron is very similar in the two mutants and the control.
Steady-state emission spectra
The fluorescence spectra of Fe C hTF and the various His349 Fe C hTF mutants were obtained in the presence or absence of iron (Table 2 ). We note that there are no significant shifts in k max in the iron-bound versus apo conformations. Upon transitioning from the iron-bound to the low pH form, the control Fe C hTF displayed a 69 ± 5% increase in the fluorescence intensity. Likewise, the H349A, H349K, and H349L Fe C hTF mutants all featured similar increases in the fluorescence intensity of 70, 69, and 66%, respectively. In contrast, the change in fluorescence attributed to iron removal was considerably less for the H349D, H349W, and H349Y Fe C hTF mutants, resulting in 31, 30, and 51% increases, respectively ( Table 2 ). In the case of H349W and H349Y, a slightly higher starting fluorescence intensity relative to the control was observed, as expected from the presence of an additional intrinsically fluorescent residue (tryptophan or tyrosine) in these mutants. However, because residue 349 resides on the surface, the fluorescent properties of the H349W and H349Y mutants are unlikely to be affected by their iron status and the lower percentage change observed for these mutants as well as for H349D is most likely due to incomplete iron removal, as supported by analysis on urea gels (see later).
Urea gel analysis of Fe C hTF and His349 Fe C hTF mutants
As described in detail [18] , electrophoresis of hTF on 6% urea gels has long been used to qualitatively evaluate iron release. As reported, treatment of the Fe C hTF control with our standard iron-removal buffer (100 mM MES, pH 5.6, containing 300 mM KCl and 4 mM EDTA) results in complete removal of iron (Fig. 1a) . The H349D, H349W, and H349Y mutants (Fig. 1a) retain more than 50% of their iron; the H349A and H349L mutants release approximately 70-80% of their iron and, like the control, iron removal from the H349K mutant is complete. These findings are consistent with the changes seen in the steady-state fluorescence (Table 2) . To determine whether iron was removed from the C-lobe of the His349 mutants in complex with the sTFR, we electrophoresed these samples on a urea gel following a 15-min incubation under our standard conditions. As shown in Fig. 1b , approximately 50% of iron is retained in the H349D mutant; the presence of the sTFR elicits complete removal of iron from the C-lobe of the H349W and H349Y mutants.
Iron release from Fe C hTF and His349 Fe C hTF mutants in the absence of the sTFR Iron release from Fe C hTF and the His349 mutants in the Fe C hTF background at the physiologically relevant pH of 5.6 results in kinetic curves (Fig. 2a) that fit best to an A ? B ? C model yielding two rate constants. As previously described [6] , there are two mathematically equivalent fits to this model. Because exchanging the numerical values of k 1 and k 2 yields a physically unreasonable fluorescence intensity constant for species B (F B ) the relative order of k 1 and k 2 can be assigned with confidence. Rate constants for the Fe C hTF control and the His349 mutants under our standard conditions are presented in Table 3 . It is immediately obvious that the rate constants for the various mutants are not drastically different from those of the control, with a maximum twofold difference in the rate constant (k 1 ) assigned to iron release and in the rate constant (k 2 ) for the conformational event [6] .
Iron release from Fe C hTF and His349 Fe C hTF mutants bound to the sTFR It is well established that iron release from the C-lobe of hTF is significantly accelerated in the presence of the TFR [4] [5] [6] . Therefore, iron release from Fe C hTF and the His349 Fe C hTF mutants in complex with the sTFR was measured (Fig. 2b) . We note that the change in the fluorescent signal from the Fe C hTF/sTFR complex is significantly dampened Fig. 1 Urea gel analysis of recombinant N-terminal hexa-His-tagged nonglycosylated monoferric human serum transferrin that binds iron only in the C-lobe (Fe C hTF) and His349 Fe C hTF mutants. Control and mutant samples were electrophoresed before (iron-containing on the left) and after incubation (on the right) in 100 mM 2-morpholinoethanesulfonic acid (MES) buffer, pH 5.6, containing owing to the presence of the sTFR, precluding analysis of the complexes in the steady-state format. However, as discussed previously, the sTFR makes no contribution to the change in fluorescence during pH-and chelatorinduced iron removal [19] . Also as previously described [6] , the kinetic curve for the control, Fe C hTF bound to the sTFR, fits best to an A ? B ? C model (as shown by the fit in Fig. 3a) , in which the first rate constant (k 1 ) has been assigned to a pH-and salt-induced conformational change, and the second rate constant (k 2 ) to the actual release of iron (Table 4) [6, 19] . By measuring the rate constants for each monoferric species and diferric constructs with iron locked in one lobe, we were able to confidently assign this switch in the order of the rate constants (k 1 and k 2 ) in the presence of the receptor [6] . Also as previously observed, all of the hTF/sTFR complexes display an initial quench of the fluorescence (during the first 0.192 s) that is detectable only in the presence of the sTFR and is not included in the fit [19] . Although kinetic traces for the H349A and H349L Fe C hTF mutants in complex with the sTFR also fit very well to the same A ? B ? C model (the fit for the H349L/sTFR complex is shown in Fig. 3b and the rate constants are given in Table 4 ), k 1 and k 2 in each of these mutants are decreased. Thus, the H349A Fe C hTF mutant bound to the sTFR exhibits a twofold decrease in k 1 and a fivefold decrease in k 2 for iron release ( Table 4 ). The H349L Fe C hTF/sTFR complex has rate constants most similar to the control, with k 1 decreased only slightly (1.4-fold) and k 2 decreased fourfold (Table 4) . Interestingly, the data for the H349K Fe C hTF/sTFR complex gave a relatively poor fit (note the residuals in Fig. 3c ) and yielded two rate constants which are identical within experimental error (see Fig. S1 and ''Discussion''). Significantly, only a single rate constant (A ? B model) came from fitting the kinetic curve for the H349D Fe C hTF mutant bound to the sTFR, although not all of the iron was removed ( Fig. 2b ; Table 4 ). It is noteworthy that in the absence of the sTFR, the H349W Fe C hTF and H349Y Fe C hTF mutants yielded two rate constants (Table 3) , whereas when these mutants are bound to the sTFR, only a single rate constant is obtained (Table 4 ; Fig. 3d is provided as an example of the goodness of the fit).
Analysis of kinetics as a function of pH
The role of pH was investigated by measuring the iron release kinetics for the control Fe C hTF and the H349A mutant alone and bound to the sTFR at pH values ranging from 5.6 to 6.2. Significantly, iron removal from Fe C hTF decreases in a pH-dependent manner (from pH 5.6 to 6.4) [18] . As anticipated, in the absence of the sTFR, both k 1 (iron release) and k 2 (conformational change) decrease with increasing pH (from 5.6 to 6.2, Fig. S2a ). Although both rates (k 1 and k 2 ) are slightly reduced compared with those for the Fe C hTF control, loss of the ionizable histidine residue in the H349A mutant has little effect on this trend in the absence of the sTFR (Fig. S2b) . The iron release kinetics in the presence of the sTFR as a function of pH clearly show that both rate constants (k 1 reporting a conformational change, k 2 reporting iron release) for the Fe C hTF/sTFR complex are sensitive to pH, with an apparent pK a of approximately 5.8-5.9 (Fig. 4a) . Significantly, at higher pH values (pH 6.0 and 6.2) a single rate constant is observed for the Fe C hTF/sTFR complex. In the H349A Fe C hTF/sTFR complex, the pH profile differs drastically in comparison with that for the control (Fig. 4b) . Unlike the control, the rate constant for conformational change increases from pH 5.6 to 6.0, as does the rate of iron release. Thus, substitution of histidine by alanine (in the presence of the sTFR) inversely affects the rate constants. This finding is particularly striking in comparison with the lack of pH dependence of the H349K Fe C hTF/sTFR complex (Fig. S3b) .
Discussion
Uniquely, the protonation state of the imidazole group of histidine can vary considerably in transitioning from the extracellular pH of 7.4 to the endosomal pH of approximately 5.6. At neutral pH, the imidazole group is uncharged, participating primarily in nonpolar, hydrophobic interactions. Below its putative pK a of approximately 6.0, the positively charged form of histidine (the imidazolium ion) can participate in more polar, hydrophilic interactions. We believe that protonation of the hTF His349 imidazole side chain allows it to interact with the aromatic portions of Trp641 and/or Phe760 on the TFR through cation-p interactions which are quite common in receptor/ ligand interactions [20] [21] [22] . We suggest that His349 can be added to a growing number of examples in which specific histidine residues act as pH-sensitive molecular switches. Other receptor systems employing a similar type of histidine switch include the liver X receptor in which a specific histidine/tryptophan interaction holds the receptor in its active conformation [23] . Additionally, the LDL receptor features pH-induced ligand release dependent on two histidine residues that control the conformation of the receptor [24] . Histidine also clearly serves as a molecular switch in a number of other nonreceptor systems, including pH activation of the Na ? /H ? antiporter [25] , pH-sensitive binding and release of peptides from class II MHC molecules (His33) [26] , and regulation of endoplasmic reticulum/Golgi network specific cleavages of the furin propeptide (His69) [27] . In all of these examples, specific histidine residues control conformation through their pH-sensitive bonding properties.
To validate the suggestion that His349 is acting as a molecular switch, we investigated its role in iron release from the C-lobe of hTF in the presence and in the absence of the sTFR. The specific behavior of six single-point His349 mutants was examined in detail to elucidate the roles of charge, size, shape, and hydrophobicity. In the current work, use of the stopped-flow instrument allowed a precise and comprehensive investigation of the effect of the substitutions at the 349 position. As detailed below, many subtler and more revealing aspects of the interaction were missed using the previous steady-state format [5] . The large size of the hTF/sTFR complex (approximately 340 kDa) and the paramagnetic nature of iron preclude use of some commonly used techniques to specifically determine the pK a of this important histidine residue (NMR, deuterium exchange, etc.). Nevertheless the apparent pK a of approximately 5.8-5.9 observed in the kinetics of iron removal in the Fe C hTF/TFR complex (Fig. 4a) correlates well with the theoretical titration of a histidine residue, providing strong evidence for the involvement of His349. As mentioned in the ''Introduction'', interpretation of the results is aided by the availability of the 7.5-Å cryo-electron microscopy model of the TF/TFR complex, in which His349 putatively lies approximately 6-8.5 Å from the TFR residue Phe760 and approximately 10 Å from Trp641 (Fig. S4) . Because Phe760 is the terminal residue of the TFR residing at the end of a loop (residues 750-760), it is relatively mobile. In contrast, both His349 in hTF and 
Construct
Iron release k 1 (min 1.04 ± 0.29 1.3 9 faster 1.8 ± 0.67 1.1 9 slower H349L Fe C hTF (N = 3) 0.73 ± 0.11 0.9 9 slower 2.1 ± 0.66 1.1 9 faster H349W Fe C hTF c (N = 3) 0.38 ± 0.01 2.1 9 slower 1.8 ± 0.48 0.9 9 slower H349Y Fe C hTF c (N = 3) 0.54 ± 0.07 1.5 9 slower 2.6 ± 1.2 1.4 9 faster a Averages and 95% confidence intervals for kinetic runs performed on N = 3-7 different days. Each day three kinetic traces were averaged before fitting b From [6] c Note that under the stated conditions, we estimate that only approximately 50% of the iron is removed from the H349D and H349W mutants and that approximately 70% of the iron is removed from the H349Y mutant. These estimates are based on the steady-state data in Table 2 Trp641 in the sTFR reside in a-helices requiring larger, more global conformational movements in hTF and/or the TFR to come together and release iron. Additionally, the iron-free hTF must remain bound to the TFR to allow migration back to the plasma membrane and release of the apo hTF to complete the cycle of iron delivery. Mutation of His349 to alanine attenuates pH-induced interactions with the sTFR at this position. As with the control, Fe C hTF, two rate constants for the H349A Fe C hTF mutant are found both in the absence (Table 3 ) and in the presence (at pH 5.6, Table 4) of the sTFR. In comparison with the Fe C hTF control, the H349A mutant bound to the sTFR features a twofold reduction in the rate constant (k 1 ), assigned to the conformational change, and a fivefold decrease in the rate constant (k 2 ), attributed to iron release. Importantly, however, there is only a small increase in the rate constant for iron release from the C-lobe of the H349A mutant bound to the sTFR in comparison with the rate constant for iron release from the mutant alone (1.4 vs. 0.87 min -1 ) ( Tables 3, 4 ). This change is clearly considerably smaller than the ninefold increase in the rate constant for iron release from the C-lobe of Fe C hTF bound to the sTFR in comparison with when it is alone (7.2 vs. 0.79 min -1 ) ( Tables 3, 4 ). The pH profile (Fig. 4 highlights the profound effect of the alanine substitution. A recent in silico model [28] of the complex suggests that at neutral pH, Lys511 in hTF interacts with Glu759 in the TFR and with His349 in a lone pair-cation interaction which becomes destabilized at acidic pH. The predicted repulsion at pH 5.6 between Lys511 and His349 might help to drive the conformational changes leading to iron release. This model would appear to explain our results; because alanine cannot form this lone pair-cation interaction, the H349A mutant in the presence of the sTFR is destabilized at higher pH values (above pH 6.0). Furthermore, the results are consistent with the concept that His349 serves as a pH-sensitive switch below the putative pK a of histidine (approximately 6.0) in the TFR complex. Because both leucine and histidine branch at the c-carbon and are somewhat hydrophobic, the side chain of leucine is similar to the unprotonated histidine residue. In the absence of the sTFR, the H349L mutant closely resembles the Fe C hTF control in both its fluorescent (Table 2 ) and its kinetic (Fig. 3b, Table 3) properties. Leucine at position 349 would be predicted to interact with the patch on the TFR (Trp641/Phe760) through relatively weak hydrophobic interactions, considerably less strong than the cation-p interactions suggested for protonated His349 interacting with the patch. The lower apparent stability of the apo conformation is reflected by the slightly smaller rate constant for the conformational event and the fourfold decrease in the rate constant for iron release (Table 4) .
Substitution of His349 with a lysine is particularly interesting because (1) it allows assessment of the effect of a positive charge at position 349 at all pH values tested and (2) lysine is found in the homologous position in ovotransferrin (oTF), a TF family member that does not bind to the human TFR [29] . We note that since a tryptophan residue equivalent to Trp641 in the human TFR and a phenylalanine residue equivalent to Phe760 are both conserved in the chicken TFR, differences in the oTF sequence may dictate the binding specificity. In oTF, His349 and His350 found in hTF are replaced by a lysine residue (Lys352) and an aspartic acid residue (Asp353), respectively. It is noteworthy that analysis of the kinetic curve for the H349K Fe C hTF mutant in the absence of the sTFR yielded two similar rate constants (k 1 = 1.04 ± 0.29 and k 2 = 1.8 ± 0.67, N = 7) ( Table 3 ). The relatively large variability in these rate constants is due to the fact that the equation for the fluorescence intensity for the A ? B ? C model becomes indeterminate as k 1 ? k 2 . Thus, when k 1 and k 2 have comparable values, the fitting parameters inherently have a greater uncertainty (see the electronic supplementary material). In the presence of the sTFR, two essentially identical rate constants were observed for the H349K mutant (Table 4) , the data being best fit to the model with k 1 = k 2 (the equation is provided in the electronic supplementary material). Of significance, the rate constants for the H349K mutant in the presence and absence of the sTFR are very similar, indicating that the sTFR has almost no effect on either event in this mutant. The steady-state spectra and urea gel analysis are consistent with complete removal of iron under the conditions used. These findings are particularly significant because previous surface plasmon resonance binding data indicated that the lysine substitution had a smaller effect on actual binding of apo H349K hTF at pH 5.6 (sixfold lower) than the alanine substitution (22-fold) [5] . Thus, neither the binding nor the constitutive positive charge is the reason per se for the lack of influence of the receptor on the rate of iron removal from this mutant. Moreover, the inability of the H349K mutant to respond to changes in pH (Fig. S3b) is consistent with destabilization of the complex due to repulsion between Lys349 and Lys511. Curiously, oTF has a histidine residue (His518) in place of Lys511, such that a Averages and 95% confidence intervals for kinetic runs performed on N = 3-32 different days. Each day three kinetic traces were averaged before fitting b From [6] c Note that not all the iron was removed from the H349D mutant, as indicated by urea gel analysis (Fig. 1b) Lys352 and His518 in oTF could interact in a similar manner as His349 and Lys511 in hTF.
In the absence of the TFR, substitution of His349 by aspartic acid resulted in a small (1.3-fold) decrease in the rate constant for iron release from the C-lobe of the H349D mutant. However, it is evident from the urea gels and steady-state fluorescence data that only about half of the iron is removed from the H349D mutant after incubation for 15 min in our standard pH 5.6 iron-removal buffer (Fig. 1a) . Additionally, iron removal from the H349D/ sTFR complex fit to a simple A ? B model, yielding a single rate constant with a value between that of k 1 and k 2 of the control (Table 4 ) and making the assignment of this rate constant to a conformational change or to iron release challenging. Simulations comparing the effect of varying the relative values of k 1 and k 2 reveal that when k 2 is three to tenfold faster than k 1 , only a single exponential is obtained (Fig. S5) . Therefore, we propose that the single rate constant obtained for the H349D Fe C hTF/sTFR complex is most likely due to the conformational change and that subsequent loss of iron is very fast, i.e., k 2 ) k 1 . Furthermore, unlike any of the other His349 mutants, iron release is still incomplete even in the H349D/sTFR complex (Fig. 1b) . Taken together, these data indicate that in the H349D/sTFR complex a conformational change occurs that is approximately 50% slower than that of the control (Table 4 ) and that only approximately 50% of the total iron is removed (Fig. 1b) . We estimate that at pH 5.6 the level of protonation would be only approximately 2%, assuming a pK a of 3.7. Perhaps the insensitivity of Asp349 to protonation locks the conformation (possibly through electrostatic interactions with Lys511 of hTF) and prevents complete iron removal.
As might be expected, the H349W and H349Y mutants share similar properties. As with the H349D mutant, iron release under our standard conditions in the absence of the sTFR is incomplete. On the basis of the steady-state fluorescence data in Table 2 , we estimate that at pH 5.6 only approximately 40% of the iron is removed from the H349W mutant alone, whereas approximately 70% of the iron is released from the H349Y mutant alone. However, unlike the H349D mutant, in the presence of the sTFR iron release for H349W and H349Y approaches completion (Fig. 1b) . Additionally, both mutants in complex with the sTFR yielded a similar single rate constant ( Fig. 3d ; Table 4 ), which, on the basis of the urea gel analysis, can be attributed to iron release. Significantly, for each there is no discernable conformational event and the iron release rate constant is within experimental error of that for the control. The hydrophobic nature of these substitutions (H349W and H349Y) apparently allows these two mutants to interact with the hydrophobic patch on the TFR (Trp641/ Phe760) even at neutral pH when iron is bound in the C-lobe, thereby eliminating the pH-and TFR-induced conformational change. In essence, when bound to the sTFR, the H349W and H349Y Fe C hTF mutants are already ''primed'' and correctly positioned for iron release and do not require the pH-induced conformational change to interact with the sTFR. Additionally, the failure of these two mutants to completely release iron in the absence of the TFR suggests that substitution of His349 by a pHinsensitive bulky side chain perhaps alters the conformation in a manner that limits access of the chelator to the iron by restricting the opening of the cleft.
In summary, our current work demonstrates that during evolution the histidine residue at position 349 in hTF has been selected and maintained to provide exquisite control as all or part of a pH-inducible switch. As such, it has an enormous influence on iron release from the C-lobe of hTF when it is bound to the TFR and is a critical participant in the mechanism that allows efficient iron release from the C-lobe.
